Extended x-ray absorption fine structure (EXAFS) spectroscopy was combined with thermodynamic and kinetic approaches to investigate zinc binding to a zinc finger (C 2 H 2 ) and a tetrathiolate (C 4 ) peptide. Both peptides represent structural zinc sites of proteins and rapidly bind a single zinc ion with picomolar dissociation constants. In competition with EDTA the transfer of peptide-bound zinc ions proved to be 6 orders of magnitude faster than predicted for a dissociation-association mechanism thus requiring ligand exchange mechanisms via peptide-zinc-EDTA complexes. EXAFS spectra of C 2 H 2 showed the expected Cys 2 His 2 -ligand geometry when fully loaded with zinc. For a 2-fold excess of peptide, however, the existence of zinc-bridged peptidepeptide complexes with dominating sulfur coordination could be clearly shown. Whereas zinc binding kinetics of C 2 H 2 appeared as a simple second order process, the suggested mechanism for C 4 comprises a zinc-bridged Zn-(C 4 ) 2 species as well as a Zn-C 4 species with less than 4 metal-bound thiolates, which is supported by EXAFS results. A rapid equilibrium of bound and unbound states of individual ligands might explain the kinetic instability of zinc-peptide complexes, which enables fast ligand exchange during the encounter of occupied and unoccupied acceptor sites. Depending on relative concentrations and stabilities, this results in a rapid transfer of zinc ions in the virtual absence of free zinc ions, as seen for the zinc transfer to EDTA, or in the formation of zinc-bridged complexes, as seen for both peptides with excess of peptides over available zinc.
Within the last decade the generally accepted roles of protein-bound zinc in catalysis and structure stabilization were complemented by regulatory functions. Protein binding sites have been classified as "catalytic," "co-catalytic," and "structural" zinc sites (1) . A fourth type, namely "interface" was added recently (2) . The possible role of a variable zinc occupancy of protein sites as a modification that provides a pathway for intracellular information transfer has been discussed (3) , and the steadily growing number of known zinc proteins involved in gene regulation led to the suggestion that some classes of proteins might transduce changes in available zinc levels into changes in patterns of gene expression (4) . An update of recent findings in zinc biology (5) now supports the view of zinc as a key element in cellular regulation.
An important question with respect to a regulatory function, however, concerns the controversially discussed concentration of free zinc ions in different physiological environments. Cells react on a changed zinc supply by e.g. an activated transcription of metallothionein (Ref. 6 and references therein) or changes in the activity of zinc-sensing transcription activators like Zap1 (7) and MTF-1 (8) . In the latter cases zinc binding to individual zinc finger motifs is supposed to induce structural changes, which in turn modify the functionality of the proteins. If the transduction of a zinc signal is mediated by binding of zinc ions to zinc-sensing proteins it is evident that free binding sites for zinc ions are a prerequisite for such a regulation process.
Because zinc binding to e.g. zinc fingers and metallothioneins is very strong, equilibrium thermodynamics immediately predicts very low concentrations of "free" zinc ions. This view is strongly supported by the finding that the metallothionein/ thionein pair controls the concentration of free zinc ions in eukaryotic cells (9) . The presence of free thionein in different cell types (9) , combined with the picomolar dissociation constant of metallothionein (10) , implicates a free zinc ion concentration in the picomolar range. The zinc binding characteristics of metalloregulatory proteins in bacteria led to the estimation of even lower, namely femtomolar concentrations of free cytosolic zinc (11) . Besides metallothionein, reduced glutathione, one of the most abundant and ubiquitous molecules in living systems (intracellular concentrations between 1 and 20 mM), has been discussed as a possible regulator of zinc homeostasis (12) . The thionein/metallothionein system together with glutathione and other zinc binding molecules thus necessarily maintains extremely low concentration of free zinc.
A very low concentration of free zinc, however, has important consequences for the kinetics of zinc binding to proteins as demonstrated by the following example. For a protein with a comparatively fast association of zinc ions like metallo-␤-lactamase from Bacillus cereus with k on ϭ 1.4 M Ϫ1 s Ϫ1 (13) , the calculated half-life time (t1 ⁄2 ) for reconstitution from the metalfree enzyme (according to t1 ⁄2 ϭ ln 2/(k on [Zn] free )) results in almost 14 h at a free zinc ion concentration of 1 pM. If the free zinc ion concentration is as low as predicted by Outten and O'Halloran (11) , namely femtomolar, reconstitution half-life times in the range of days to months result. These are obviously inappropriate estimates, because the cellular response to modified conditions proceeds on a time scale of milliseconds to minutes. These kinetic considerations make it obvious that e.g. newly synthesized zinc proteins cannot depend on the pool of free zinc but compete with other zinc-loaded molecules. Ligand exchange mechanisms for zinc transfer from occupied to unoccupied binding sites are necessary to circumvent the kinetic limitations of dissociation/association mechanisms, which are caused by the virtual absence of free zinc ions. Recently we observed that a direct transfer of zinc from Zn-EDTA complexes to metal-free metallo-␤-lactamases was required to explain the fast reactivation of the enzymes observed at picomolar free zinc ion concentrations (14) . In this case Zn-EDTA served as a kinetically labile zinc buffer. The kinetic lability of Zn-EDTA, however, can only be explained from ligand exchange in a previously formed EDTA-Zn-protein complex. The literature provides some evidence for the existence of similar mechanisms in native competition situations. A possibly direct interaction between the metallothionein/thionein couple and structural zinc binding domains in other proteins has been discussed for the two-zinc finger protein Tamtrack (15) and a direct transfer of zinc via discrete (ternary) intermediates has been postulated from theoretical considerations (16) . Interprotein metal ion exchange between cadmium-substituted carbonic anhydrase and apo-or zinc-metallothionein on a time scale of seconds to minutes has been demonstrated (17) . A direct transfer of zinc ions requires formation of intermediary ternary complexes with a sufficient lifetime to allow the subsequent ligand exchange reaction to occur. The inevitable formation of zinc-bridged complexes might be a mere result of the underlying competition situation but could also be of functional importance in cellular regulation. Several examples have been described where zinc ions are involved in formation of proteinprotein complexes via "interface sites" (2) .
A full understanding of regulatory zinc ion transfer presupposes a better knowledge of the dynamics of zinc-protein interactions. The apparent contradiction between the high thermodynamic stability of structural zinc sites and their simultaneously required kinetic instability, demands for mechanisms by which zinc ion transfer can rapidly proceed via zinc-bridged complexes. It has been shown earlier that zinc binding sites might have a highly dynamic nature, e.g. in metallothioneins (see Ref. 18 and references therein). If zincbridged protein-protein complexes are transiently required for the biological distribution of zinc, they must form spontaneously whenever the concentration of potential zinc binding sites is in excess of zinc in cellular environments.
With model peptides we tried to address this issue experimentally. The formation of zinc-bridged complexes is demonstrated in this work and explains how zinc ion transfer might be accomplished. It is additionally shown how two zinc binding sites of proteins might interact via a shared zinc ion. We chose two functionally completely unrelated peptides, both representing structural zinc sites: (i) a zinc finger consensus sequence peptide (C 2 H 2 -peptide) 1 (19) and (ii) a peptide comprising the structural zinc site of alcohol dehydrogenase from horse liver (LADH) (C 4 -peptide), which might be involved in protein folding (20, 21) and stability (22, 23) . For both peptides metal ion binding induces structural changes. Zinc binding of both peptides was studied by a combination of EXAFS spectroscopy, equilibrium thermodynamics, UV-spectroscopy, CD-spectroscopy, and stopped-flow kinetics.
MATERIALS AND METHODS
Preparation and Characterization of Peptides-The 25-mer C 2 H 2 -peptide (sequence: PYKCPECKSFSQKSDLVKHQRTHTG) was synthesized by standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) methodology on an ABI 433 automated peptide synthesizer (Applied Biosystems, Weiterstadt, Germany). After dithiothreitol treatment, the peptide was purified by preparative reversed phase high performance liquid chromatography (RP-HPLC, Kromasil C 18 , 5 m, 100 Å). The 24-mer C 4 -peptide (sequence: FTPQCGKCRVCKHPEGNFCLKNDL) was a gift from Stefan Rawer, Applied Biosystems, Weiterstadt, Germany.
Both peptides were freeze-dried from acidic solution and stored at Ϫ20°C. MALDI mass spectrometry of both peptides resulted in the [M ϩ H] ϩ -peaks exactly corresponding to the theoretical masses. Free cysteine in the peptides was determined by the Ellman assay (24) . In comparison to the titration-derived concentrations of peptides (see below), the experimentally obtained cysteine content gave no indication for partial oxidation of thiol sulfur or formation of disulfide-bridged peptides. UV-vis spectra were recorded with the UV/VIS/NIR spectrophotometer Lambda 9 (PerkinElmer Life Sciences, Ü berlingen, Germany) under argon atmosphere and processed with the software UV-WinLab.
Circular dichroism spectra were recorded at 20°C on a Jasco J-715, using 1-mm cells. The CD scans were measured from 240 to 185 nm by collecting data with a resolution of 0.1 nm at a speed of 10 nm/min. For each condition, 5 scans were accumulated and averaged.
All experiments were carried out in 5 mM TES, pH 7.0 at 25°C. The low buffer concentration was necessary to improve the signal/noise ratio of measurements in the far UV region whereas control experiments gave no evidence for a modified metal ion binding characteristics because of the low ionic strength.
Oxygen-free solutions of peptides and metal ions were prepared under argon atmosphere. Metal-free conditions were guaranteed by treating all solutions with CHELEX chelating resin (Sigma).
Dissociation constants were determined from competition titrations with the chromophoric zinc chelator Quin-2 (Molecular Probes, Eugene, OR). The indicator was titrated with zinc in the absence and presence of metal-free peptides (peptide/indicator ratios around 1:1) monitoring changes in absorbance at 266 nm. The dissociation constant of the Zn-Quin-2 complex is 1.06 pM (25) . The program Chemsim was used for numerical data analysis. The program allows the numerical analysis of binding experiments involving arbitrary combinations of coupled equilibria (13, 26) . From simultaneous fittings of dissociation constants, absorption coefficients and apoenzyme concentrations the latter values could be obtained with high precision. A detailed description of the numerical approach can be found in (14) . The titration of Quin-2 (Q2) alone resulted in the finding that the batch used contained 15% of an impurity (Q2I) with different spectroscopic behavior and a modified dissociation constant for zinc. The latter values could be determined from a titration of Quin-2 with zinc using the following equilibria in Reactions and Equations 1 and 2.
, and a dissociation constant of 94 (Ϯ 5) pM for Zn-Q2I. K(Zn-Q-2) was constrained to 1.06 pM (25) . In competition experiments with peptides (P) the latter values were fixed, and only the concentration, absorption coefficient, and dissociation constant of the peptides where subject to optimization by additionally including Reaction and Equation 3 in the binding model.
Kinetics of Zinc Binding and Transfer-Zinc binding kinetics was studied under anaerobic conditions with the stopped-flow spectrofluorometer SX.17MV (Applied Photophysics, Leatherhead, UK) detecting the appearance of sulfur-to-zinc LMCT bands at 220 nm. For the C 2 H 2 -peptide it was additionally possible to monitor changes of tyrosine fluorescence by excitation at 275 nm and monitoring emission at Ͼ 320 nm using a cut-off filter. Reactions were started by rapidly mixing 50 -75 l of 9.5-20 M peptide solutions with the same volume of zinc solutions (1.6 -660 M). For each concentration 4 -10 traces were averaged. Rate constants of single and multistep mechanisms and absorbance coefficients were fitted simultaneously to sets of concentration-dependent stopped-flow data using the numeric program Dynafit (27) .
EDTA was used to remove zinc from the peptides. Solutions of 20 M Zn 1 -peptide were mixed with EDTA (0.2-6.4 mM). Zinc release from the peptides was monitored at 220 nm and evaluated by fitting bi-exponential equations to the recorded data. Alternatively Quin-2 was used as a competitor by monitoring changes of Quin-2 fluorescence emission upon zinc ion binding (excitation at 333 nm and monitoring emission Ͼ 360 nm with a 360 nm cut-off filter). Non-linear regression analysis of concentration-dependent data was performed with the program Sigma Plot (SPSS, Richmond, Canada).
EXAFS Spectroscopy-Peptide samples were prepared in 10 mM BisTris and pH was adjusted to 6.8 -7.0 after addition of zinc or cadmium acetate. C 4 samples contained 4.9 mM zinc and 4.9 mM peptide (Zn 1 -C 4 ) and 4.6 mM zinc and 11.1 mM peptide (Zn 0.5 -C 4 ). The very high resolution Zn 1 -C 4 sample contained 2.25 mM zinc and 2.25 mM peptide. C 2 H 2 samples contained 1.89 mM zinc and 1.90 mM peptide (Zn 1 -C 2 H 2 ) and 2.05 mM zinc and 4.24 mM peptide (Zn 0.5 -C 2 H 2 ). The Zn-K-edge and the Cd-K-edge spectra were monitored at the EMBL bending magnet beamline D2 at DESY/Hamburg running at 4.5 GeV and 70 -125 mA current in fluorescence mode at 25 K. The energy axis of each scan was calibrated using the Bragg reflections of a static Si(220) crystal in back reflection geometry (28) . In the experiments with cadmium-substituted peptide an internal Cd-foil sample was used for calibration. Standard EXAFS analysis was performed using the EXPROG software package (developed by C. Hermes and H. F. Nolting at the EMBL-Outstation/ Hamburg) to process the raw data and EXCURV98 (developed by N. Binsted, S. W. Cambell, S. J. Gurman, and P. Stepherson at SERC Daresbury) using exact curve wave scattering theory (29, 30) to analyze the spectra. Phases were calculated ab initio using Hedin-Lundqvist potentials and von Barth ground states (31) .
The energy range was set to 30 -650 eV above the edge for the C 4 samples and to 30 -995 eV above the edge for the C 2 H 2 samples and the high resolution C 4 sample. The quality of alternative fits might be compared on the basis of the residual R-factor (32) .
RESULTS

Spectroscopic Effects of Zinc Binding to Peptides and Determination of Dissociation
Constants-Titration of the metal-free peptides with Zn(II) results in appearance of sulfur-to-zinc LMCT (33, 34) bands at 216 nm (C 4 -peptide) and 220 nm (C 2 H 2 -peptide). From titrations we derived that the maximum absorbance is reached at equimolar zinc concentrations in both cases. Corresponding to the involvement of 4 and 2 Cys residues, ⌬⑀ is 13,500 M Ϫ1 cm Ϫ1 and 6300 M Ϫ1 cm Ϫ1 for the C 4 -and the C 2 H 2 -peptide, respectively ( Fig. 1 ). For the C 2 H 2 -peptide metal ion-induced folding was shown before (19) . In order to probe whether zinc ion binding induced a structural change of the C 4 -peptide we used circular dichroism (CD) spectroscopy (Fig. 1) . The metal-free peptide shows a CD-spectrum with characteristic features of a random structure. Zinc binding results in drastic changes of the spectrum. To verify that the spectral changes induced by zinc ion binding did not reflect the optical activity of the LMCT bands, Cd(II) binding was monitored in a control experiment (data not shown). The metal ion-induced spectral changes upon formation of the 1:1 complexes (positions of bands and shoulders in the difference spectra) were almost identical for the Zn-and the Cd-peptide. The difference spectra between metal-loaded and metal-free peptides resemble the spectrum of a protein with high ␣-helix content. The most striking observation; however, is that the zinc-induced changes of the secondary structure are almost completed with only 0.5 equivalents of zinc added (compare Fig. 1 ). By competition experiments with Quin-2 we determined K D values of 9.3 (Ϯ0.5) pM and 27.2 (Ϯ5) pM for the Zn-C 4 -and the Zn-C 2 H 2 -peptide, respectively.
Kinetics of Zinc Ion Binding to the Peptides and Zinc Ion
Transfer to EDTA-The kinetics of zinc binding to the C 2 H 2 -peptide can be described by a simple reversible second order binding mechanism since the full absorbance change is reached in a single kinetic step ( Fig. 2A) . Zinc binding is accompanied by an increase of tyrosine fluorescence intensity (Fig. 2B) , which shows the same kinetics as the absorbance signal ( Fig.  2A) , indicating that the same process is monitored with both methods. Although zinc binding could be fitted as an irreversible reaction without resulting in a modified association rate constant (k 1 ), we preferred to show the data obtained from the numerical fits with the reversible mechanism. The statistical error in the dissociation rate constant k Ϫ1 is very high, but its numerical value demonstrates that k Ϫ1 is extremely low.
Zinc binding to the C 4 -peptide appears multi-phasic and requires a multistep mechanism for simultaneous fitting of the concentration-dependent curves. The simulation of relaxation traces with a one-step binding model as described for the C 2 H 2 peptide generally failed to match the observed curve shapes (data not shown). For [Zn 2ϩ ] total Ͼ [C 4 ] total a two-step binding mechanism (first two equations in Fig. 2C ) proved to be sufficient, but when including measurements with [Zn 2ϩ ] total Ͻ [C 4 ] total the slow transitions in the end phase of the reactions (lower reaction traces in Fig. 2C ) failed to be properly described. The minimal model mechanism which fits the experimental data over the full concentration range consists of three reaction steps and is presented in Fig. 2C ). Zinc can be removed from the peptide complexes by EDTA. The transfer of zinc to EDTA is accompanied by the disappearance of the charge transfer bands (Fig. 3A) and in the case of the C 2 H 2 -peptide additionally by a decrease of the fluorescence signal to the level of the metal-free peptide (data not shown) with the same time dependence. The kinetics of zinc transfer from Zn 1 -C 4 and Zn 1 -C 2 H 2 to EDTA (Fig. 3) is bi-phasic. The first phase of the reactions is completed within 100 ms and virtually independent of the EDTA concentration (Fig. 3B ). Rate constants of 65 (Ϯ14) s Ϫ1 and 70 (Ϯ40) s Ϫ1 resulted for the C 2 H 2 -and the C 4 -peptide, respectively. The apparent rate constants for the second process are by 1-2 orders of magnitude lower and show hyperbolic saturation with increasing EDTA concentration for both peptides (Fig. 3C) . Maximum transfer rate constants of k max ϭ 8.4 (Ϯ0.5) s Ϫ1 and 5.8 (Ϯ0.1) s Ϫ1 result for Zn 1 -C 4 , and Zn 1 -C 2 H 2 , respectively. Quin-2 was alternatively used to remove zinc from the Zn 1 -C 4 -peptide (data not shown) resulting in k max ϭ 10.5 (Ϯ1.6) s Ϫ1 .
EXAFS Spectroscopy of Zn-C 4 -, Cd-C 4 -, and Zn-C 2 H 2 -peptide
Complexes-Two experiments at peptide-to-zinc stoichiometries of 2:1 and 1:1 were recorded for both peptides. Independent of the peptide/zinc stoichiometry virtually identical spectra resulted for C 4 -samples (see Fig. 4 , A and B and Table I) . Alternative structural models were used for fitting. To judge the quality of the fits the coordination number of shells (N i ), distances (R i ), Debye-Waller factors ( 2 ), and Fermi energy (E f ) offset were refined simultaneously. Thus the correlation matrix obtained revealed statistical dependences of individual parameters (compare Table I ).
Models A-E (Table I) are solely composed of zinc-coordinating atoms. Shape and intensity in the Fourier transformed spectra are directly associated with the atomic distribution within the first coordination sphere. Statistically seen already model A (4S) delivered reasonable results but the theoretical simulation did not match the Fourier transformed experimental data, indicating a possible overestimation of the sulfur contribution to the main peak. The same holds for the fit with model B (3SϩS), which showed an increased Debye-Waller factor for the 3S and a very low value for the 1S shell. In model C one S shell is substituted by one oxygen (3Sϩ1O). Refinement delivered unreasonable values for both the zinc-oxygen distance (2.3 Å) and the Debye-Waller factor of oxygen (0.014), which results in a weak contribution of the oxygen ligand to the theoretical spectrum. The decrease of the Debye-Waller factor for the 3S shell to 0.005 compared with the previous models indicates a now missing sulfur contribution, which was also reflected in a missing intensity of the FT main peak. To probe whether fractional occupation numbers could improve the quality of the theoretical models we additional refined the occupation number of the two sulfur shells in model B. The resulting model D ((4Ϫϫ)SϩϫS) gave a weakly populated sulfur shell (N i ϭ 0.33) with a very short sulfur-zinc distance (2.20 Å) but very high error levels for both, N i and the Debye-Waller factor. Alternative fits of models A-D with the occupation numbers as 
additional variables always resulted in total occupation numbers of 4.0 (Ϯ0.1). Only model E ((4Ϫϫ)SϩϫO) results in reasonable values. The sulfur contribution (N i ϭ 3.76) is comparable to the one found for the dominating shell in model D and the resulting oxygen-zinc distance (1.99 Å) corresponds to an expected water-zinc distance. Shape and intensity of the FT main peak of the theoretical spectrum exactly matched the experimental data also in the range Ͻ2 Å. Model E resulted in a fitted occupancy of 24% oxygen and 76% sulfur for the fourth ligand position. Since the spectrum obtained with a 2-fold excess of peptide was almost undistinguishable from the one obtained at 1:1 stoichiometry (Fig. 4, A and B) theoretical analysis resulted in virtually identical structural parameters (data not shown). The high error levels for both the oxygen coordination number and the Debye-Waller factor of oxygen motivated a new data collection for the same species at strongly increased spectral resolution (see below).
To investigate how the nature of the bound metal ion influences the structure of the metal-peptide complex we additionally studied the Cd-C 4 peptide. It turned out that the most simplified model used for Zn-C 4 (model A in Table I ) was fully sufficient to describe the experimental data for the Cd-peptide (Fig. 4, C and D) . The coordination sphere was modeled with a single shell of scatterers only composed of sulfur for which the coordination number was fitted together with its average distance, Debye-Waller factor, and the Fermi energy. Whereas a central zinc ion appears coordinated by less than 4 thiolates on average (one sulfur partially replaced by oxygen) the Cd-EX-AFS gave no evidence for such a partial coordination and resulted in a fitted coordination number of 4.02 Ϯ 0.01. In the final simulation shown in Fig. 4 , C and D the coordination number was fixed to a value of 4.0.
The theoretical simulation of the k 3 -weighted zinc K-edgespectra of the C 2 H 2 sample at 1:1 stoichiometry (zinc/peptide) resulted in the expected Cys 2 -His 2 geometry (Fig. 5, A and B and Table II) . Because of the very high resolution of the experimental data, the error levels of Debye-Waller factors are low, which consequently leads to a more accurate determination of the coordination numbers compared with data at lower resolution. Additionally to the first shell ligands nitrogen and sulfur, one oxygen ligand, most likely a water molecule could be identified at a distance of 2.5 Å. The spectrum obtained at a 1:2 stoichiometry (zinc/peptide) reflects a significantly changed first coordination sphere (Fig. 5, C and D) . The coordination number of sulfur is increased to N S ϭ 2.5 whereas the coordination number of histidine nitrogen drops to N N/His ϭ 1.5 which can be easily seen by comparing the Fourier transforms of the two spectra (Fig. 5G) . Additionally the multiple scattering contributions of histidines appear significantly modified when comparing the C 2 H 2 spectra at the different stoichiometries (compare Fig. 5G and Table II ). To take additional second shell back-scattering into account, we included C ␤ atoms of cysteines with a constrained S-C ␤ distance. We are aware of the fact that this model is imperfect in a chemical sense, since there is little freedom for variation of the zinc-C ␤ -distance in a protein structure, but it keeps the number of free variables low, because S-C ␤ is treated as a unit with the Zn-S-C ␤ -angle as one additional variable.
To allow a direct comparison of C 4 and C 2 H 2 spectra at very high resolution we reinvestigated the Zn-C 4 -sample at 1:1 stoichiometry (Fig. 5, E and F) . Fig. 5G directly compares the Fourier-transformed spectra and illustrates the effect of an increased coordination number of the Cys sulfur atoms at 2.3 Å and the obviously missing His-contribution at a distance of 2.0 Å on the amplitudes observed. The resulting first shell occupancy of Zn 1 C 4 could be obtained with a significantly improved accuracy compared with the lower resolution spectra (compare Tables I and II) . Without constraining the total occupation number 3.74 Ϯ 0.06 sulfurs and 0.26 Ϯ 0.10 oxygens resulted, which is almost identical to the absolute values obtained at lower resolution.
DISCUSSION
Thermodynamically Stable Zinc-peptide Complexes Become Kinetically Unstable in a Competition
Situation-At first glance the high thermodynamic stability of most zinc-protein complexes seems to be inconsistent with a regulatory function of zinc ions. Typical dissociation constants in the picomolar range or below immediately provoke the view of zinc-protein complexes as static systems. In this sense the peptides studied here represent typical "structural zinc sites". The dissociation constants (K D ) obtained for Zn-C 4 -and Zn-C 2 H 2 are 9 and 27 pM, respectively. Kinetic data for zinc ion binding to a C 2 H 2 -peptide reported in (35) were derived from the Co(II)-displacement by Zn(II) by monitoring the UV-Vis bands of the Co (II) Fig. 2) . The dissociation rate constants of the Zn-peptide complexes are too low for a direct experimental determination from the binding experiments. A simplified one-step binding model ( Fig. 2A) , however, allows the calculation of upper limits for the dissociation rate constants (k Ϫ1 ϭ K D k 1 ), resulting in 6.3 ϫ 10 Ϫ5 s Ϫ1 and 6.2 ϫ 10 Ϫ5 s Ϫ1 for Zn-C 4 -and Zn-C 2 H 2 , respectively. A transfer of the bound zinc ions to a competitor via a dissociation/association mechanism would thus be characterized by half-life times of 3 h. In this work we used a large excess of EDTA as a competitor and observed half-life times for zinc ion transfer of 82 and 120 ms for the C 4 -and the C 2 H 2 -peptide, respectively (see Fig.  3 ). The observed 1 ϫ 10 6 -fold acceleration compared with the theoretical prediction requires the transient formation of EDTA-zinc-peptide ternary complexes to explain the rapid transfer of zinc ions to EDTA via a ligand exchange mechanism as it has been proposed for Cd 2ϩ transfer from Cd-substituted metallothionein to EDTA (36) .
An example might demonstrate that such a direct transfer mechanism can also be found with native proteins. Recently a K d Ͻ 10 Ϫ18 M was reported for Zn-thioredoxin 2 (Trx2) and thus the highest affinity ever described for a zinc protein (37) . The
K d was determined from competition experiments with N,N,NЈ,NЈ-tetrakis(2pyridylmethyl)ethylenediamine (TPEN)
by incubation of the holoprotein with different concentrations of the reagent for 18 h and subsequent determination of residual Trx2-bound zinc after gel filtration. Whereas the authors observed the formation of a stable Trx2-Zn-EDTA complex, they did not discuss the formation of Trx2-Zn-TPEN complexes. When assuming, however, that TPEN can only bind zinc after its dissociation from Zn-Trx2 the K d of 10 Ϫ18 M and an assumed diffusion-controlled association of zinc to apo-Trx2 (k on ϭ 10 9 M Ϫ1 s Ϫ1 ) result in an upper limit for the dissociation rate constant of zinc with k off ϭ K d k on ϭ 10 Ϫ9 s Ϫ1 . Thus a calculated minimum half-life time (t1 ⁄2 ϭ ln 2/k off ) for the transfer of zinc to TPEN of 22 years results. Because the equilibrium appears to be reached within 18 h, however, it is inevitable to conclude that a ternary complex intermediate is required to explain the strongly accelerated equilibration. This is especially important since TPEN is frequently used to remove "free" or "labile" zinc in cell-biological experiments. However, the presence of a strong competitor like TPEN or EDTA might induce kinetic instability due to the formation of protein-zinc-competitor complexes. This in turn might even result in the rapid removal of zinc ions from binding sites with very high affinity.
From a structural point of view the formation of peptide-or protein-zinc-chelator complexes appears unlikely for a tetracoordinated site. Neither the S 4 (Fig. 6 , B and C) nor the N 2 S 2 ( Fig. 6A ) environment of zinc in C 4 and C 2 H 2 , respectively, allow the direct coordination of a fifth ligand easily. This is caused by the van der Waals radii of the coordinating atoms and the well defined distances as obtained by EXAFS spectroscopy. The closest approach for an oxygen as the fifth ligand is in the range of 2.5-2.6 Å for both peptides without increasing the EXAFS-derived distances of the four first sphere ligands (Fig. 6E) . For the Zn 1 -C 2 H 2 species an N/O ligand is found in exactly 2.5 Å distance, most likely a water molecule (Table II) .
A Dynamic Nature of Structural Binding Sites Might Enable Rapid Zinc Ion
Transfer to EDTA-The numerical analysis of stopped-flow kinetic data on formation of Zn-C 4 resulted in a sequential binding mechanism. We used the mechanism and Table I ). Fourier transformed spectra are show in B (see Table I rate constants obtained (Fig. 2C) to simulate the equilibrium composition at different zinc/peptide stoichiometries with the stochastic simulation program CKS (Chemical Kinetics Simulator) (Hinsberg, W., and Houle, F., www.almaden.ibm.com/st/ msim/ckspage.html) (data not shown). For equimolar concentrations of zinc and peptide, 12.5% of peptide-bound zinc ions are predicted to be in the PZn* state. Due to the considerably lower absorption coefficient of PZn* compared with the final PZn complex, PZn* might be considered a complex with only 3 Cys ligands bound. A fourth, vacant or water-occupied ligand position of PZn* might than serve as a potential target for binding of one carboxylate from EDTA thus creating a zincbridged ternary complex. Subsequently the remaining thiolate ligands could be replaced by carboxylate ligands finally resulting in the complete transfer of zinc from the peptide to EDTA. This hypothetical mechanism is further supported by the observation of a constant rapid phase in the stopped-flow measurements of zinc transfer from both peptides to EDTA (see Fig.  3B ). The observed reaction might be explained from the dissociation of one thiolate ligand and instantaneous replacement by a carboxylate from EDTA. The experimentally obtained rate constant for Zn 1 -C 4 only deviates by a factor of 2 from k Ϫ2 in Fig. 2C . Interestingly, both the fast [EDTA]-independent processes and the maximal rate constants for complete transfer of zinc to EDTA are very similar for both peptides. Whereas Zn 1 -C 4 might be characterized by an inherent kinetic instabil- ity due to the electrostatic repulsion of four negatively charged sulfur atoms, a kinetic destabilization of Zn 1 -C 2 H 2 by approaching an additional negative charge to the metal ion e.g. carboxylate oxygen from EDTA appears possible.
Although the zinc-peptide complexes show a high thermodynamic stability, a kinetic instability in terms of continuous dissociation and association of one or more of the ligands contributed by one acceptor molecule might be the basis for: (i) the transient availability of ligand binding sites for competitors, (ii) the possibility for the formation of zinc-bridged complexes, and finally (iii) the rapid transfer of zinc ions between alternative acceptor sites.
Structural Evidence for Equilibrium Compositions with Alternative Ligand Spheres and Zinc-bridged Peptide-Peptide
Complexes-The kinetically predicted states of Zn-C 4 with less than 4 sulfur atoms bound (PZn*) or two peptide molecules bridged by one zinc ion (PZnP) led us to investigate zincpeptide complexes at different zinc/peptide stoichiometries. Whereas a stochastic simulation with CKS for a 1:1 Zinc/peptide stoichiometry predicted 12.5% of Zn-C 4 complex with only 3 Cys ligands (PZn*), a 2-fold excess of peptide compared with total zinc and high total peptide concentration resulted in the Zn-(peptide) 2 complex (PZnP in Fig. 2C ) as the dominating species (Ͼ99%) at equilibrium. The comparison of UV-and CD-spectroscopic results supports this model mechanism. Exactly one equivalent of zinc is needed to obtain maximal absorbance of the sulfur-to-zinc charge transfer band (Fig. 1) as indicative of the involvement of all available thiolates in zincthiolate bonds. The changes of the CD spectrum upon addition of zinc, however, are almost completed with 0.5 equivalents of zinc added. This might be explained with one zinc ion modifying the secondary structure of two peptide molecules. The changes observed in the difference spectra (Fig. 1D ) resemble the spectral features of an ␣-helix. In the crystal structure of alcohol dehydrogenase the peptide segment corresponding to the C 4 -peptide contains one ␣-helix loop. On this loop the zinc ligands Cys 100 and Cys 103 are located (Fig. 6B) . A hypothetical Zn(C 4 ) 2 complex with Cys 100 and Cys 103 of both peptides coordinating to a shared zinc ion might explain the CD-spectroscopic results. Whereas alternative complex structures are possible the presented hypothesis appears to best describe the observed experimental data. These predictions led us to investigate whether both conditions could be discriminated from the zinc ions point of view by studying EXAFS samples exactly corresponding to the conditions used for the kinetic simulations.
The EXAFS spectra obtained at the two different zinc stoichiometries are virtually identical (Fig. 4, A and B) . With model E in Table I about 24% of a fourth thiolate position is alternatively occupied by a N/O ligand, most likely a water molecule (26% in the case of the high resolution spectrum, Fig. 5 , E and F and Table II) . Both, kinetics and EXAFS spectroscopy concordantly lead to the conclusion that the availability of four potential protein ligands for zinc does not necessarily result in a fully occupied tetrathiolate site, whereas an early Zn-k-edge EXAFS investigation of the structural zinc site of alcohol dehydrogenase performed with the intact protein resulted in a sulfur coordination in the first coordination shell of 4 (Ϯ5%) sulfur atoms for different enzyme species (38) .
When comparing high resolution x-ray structures of alcohol dehydrogenase, namely 2OHX at 1.8 Å (39) or 1EE2 at 1.54 Å (40) the sulfur-to-zinc distances in the structural tetrathiolate site vary between 2.26 and 2.41 Å and match the average distance found for the Zn-C 4 -peptide (see Tables I and II ). An atomic resolution crystal structure of zinc-rubredoxin resulted in an average zinc-sulfur distance of 2.34 Å (41) for the tetrathiolate metal binding site. Whereas a single zinc-thiolate bond in a mixed S/N/O site shows a typical distance between 2.21 and 2.24 Å (13), the slightly increased distances found for Zn-C 4 indicate the effect of electrostatic repulsion in the allthiolate complex. This view is supported by a recent quantum mechanical study on mixed N/S sites and the comparison of the theoretical results obtained with x-ray crystallographic data (42) . The best fits for EXAFS spectra of a tetrathiolate mutant zinc finger peptide were obtained with only 80% sulfur and 20% N (43) . The authors concluded that this finding reflected the difficulty to detect low N/O contributions in the presence of high sulfur contributions without evidencing, however, that the zinc ion bound to the tetrathiolate, mutant zinc finger peptide did show full occupancy with four thiolate ligands.
In contrast to the results obtained with Zn-C 4 the EXAFS spectrum of Cd-C 4 is best described by a model with exactly 4.0 cysteine sulfur atoms bound (Fig. 4, C and D) . The average sulfur-cadmium distance of 2.518 Ϯ 0.003 Å is slightly shorter than the average distance (2.55 Å) found in a crystal structure (PDB accession code 1HEU) of cadmium-substituted alcohol dehydrogenase from horse liver at 1-Å resolution (44) . Apparently the increased ionic radius of Cd 2ϩ compared with Zn 2ϩ results in sufficient distances and charge separation of the thiolate sulfur atoms to allow full occupancy. Different from a tetrathiolate zinc site (compare Fig. 6C ) the solvent accessible surface of a tetrathiolate cadmium site includes parts of the central ion and might allow direct van der Waals contacts with a fifth ligand (Fig. 6D) . Whereas we find full occupancy of Cd 2ϩ with four thiolates in the case of Cd-C 4 a recent study with the cadmium sensor protein from Staphylococcus aureus CadC resulted in conclusions similar to those obtained by us for Zn-C 4 .
For CadC an occupation with less than 4 thiolate sulfur atoms in a tetrathiolate site could be demonstrated by 113 Cd nuclear magnetic resonance spectroscopy (45) .
If the EXAFS spectrum of Zn-C 4 obtained at a peptide-to-zinc ratio of 2 (Fig. 4) shows the PZnP complex, as predicted from the CD-spectroscopic and the kinetic data, it cannot be distinguished from the Zn 1 -C 4 complex. In a structurally flexible complex the chemistry of zinc might determine the atomic distribution within the first coordination sphere, independent of whether the zinc ligands are contributed by one or two acceptor molecules. In the literature one paper provides strong evidence for the existence of zinc-bridged zinc finger peptides, although the authors avoided this conclusion. With Raman spectroscopy they observed that only Cys signals are modified when titrating a C 2 H 2 peptide up to a [Zn 2ϩ ]/[peptide] ratio of 0.5. Signals of bound histidines are only observed at ratios above 0.5 (46) . In the light of our investigations one might conclude that zinc-bridged peptide-peptide complexes are produced by solely contributing sulfur ligands from two zinc finger peptides to one zinc ion when the peptide is in excess of zinc. Although neither the kinetic nor the thermodynamic studies gave evidence for a similar behavior of the C 2 H 2 -peptide we decided to compare EXAFS spectra obtained at zinc/peptide stoichiometries of 1.0 and 0.5. Surprisingly both spectra are clearly different (Fig. 5 ). Whereas the Zn 1 -C 2 H 2 spectrum can be perfectly fitted with a 2S/2His environment (Table II) , fitting of the Zn 0.5 -C 2 H 2 spectrum requires a sulfur contribution increased to N S ϭ 2.5 as well as a decreased and modified histidine contribution (N N ϭ 1.5) (Table II) . These results can only be explained by partial involvement of zinc in peptide-zinc-peptide complexes. Thus the high total concentration of peptide used seems to stabilize the formation of ternary complexes. The spectral data do not allow the determination of species distributions. The fact that radii (sulfur atoms in light gray, nitrogen atoms in medium gray). The structural models B and C were generated with the coordinate file 1OHX (PDB accession code) corresponding to a structure of alcohol dehydrogenase from horse liver at 1.8-Å resolution (39) . B, represents the peptide segment corresponding to the C 4 -peptide used in this study. The backbone is shown as a ribbon with the 4 Cys residues as stick models. The sulfur atoms (light gray) and the central zinc ion (dark gray) are shown as van der Waals spheres. The zinc ligands Cys 100 and Cys 103 are part of a single ␣-helix loop. C, represents the ZnS 4 -center with the van der Waals radii. The mesh surface was obtained by scanning the unit with a 1.4-Å probe. D, represents the CdS 4 center as seen in the x-ray structure of Cd 2ϩ -substituted alcohol dehydrogenase at 1.0 Å resolution (PDB accession code 1 HEU, Ref. 44 ) with the van der Waals radii. The mesh surface was obtained by scanning the unit with a 1.4 Å probe. E, represents an artificial cluster model with the four sulfur atoms of Zn-C 4 (light gray) kept at a distance of 2.33-2.34 Å but moved such that a maximal surface area of the central zinc ion is accessible for an additional ligand without overlapping the van der Waals radii (mesh surfaces) of thiolates. The closest possible distance for an oxygen atom with van der Waals radius 1.35 Å (wire frame) without overlapping van der Waals radii of oxygen and sulfur is 2.6 Å. The structural representations were generated with DS Viewer Pro (Accelrys) .   FIG. 6 . Representation of the structural zinc sites. A, example for a zinc finger structure created from 1MEY (PDB accession code). The zinc-coordinating atoms are represented with their van der Waals the spectral features in the histidine multiple scattering range of 3.0 -4.5 Å are severely modified (Fig. 5, B and D) might be explained from an equilibrium composition without the contribution of Zn 1 -C 2 H 2 . Instead the mixture might contain zincbridged complexes between two peptides, which might have only sulfur as the ligands or sulfur and histidine contributed by two different peptides.
Possible Biological Implications of Dynamic Structural Zinc Sites-A "dynamic" view of zinc binding to structural sites immediately predicts a potential mechanism for zinc-mediated regulation processes. Here we have studied transfer processes between peptides and EDTA as an organic zinc chelator. Since such chelators and chromophoric zinc chelators like Quin-2, Zinquin and others are used to monitor so-called free or labile zinc concentrations in physiological environments or even in living cells it appears important to consider the possibilities of chelator-induced dissociations and the formation of zincbridged ternary complexes. Since the mechanisms suggested here are based on the inherent dynamics of the zinc sites and on the hypothesis that transient dissociation of at least one ligand from the zinc ion is a prerequisite for the formation of metal ion-bridged ternary complexes, there is no reason to assume a limitation to organic competitors like EDTA. It appears easily conceivable that similar processes might occur between protein molecules competing for the available zinc pool in a cellular environment. This is what we clearly see with excess of peptides over zinc. With different peptides or proteins present zinc-bridged complex formation between structurally different species might be established as well.
For many zinc proteins the metal binding site is predetermined after protein folding and the stability of the complexes produced results from an ideal geometry provided by the protein ligands and a non-dynamic nature of the protein fold. Alternatively, formation of thermodynamically stable zinc-protein complexes might be the result of an apparent self-organization of protein motifs induced by the interaction with metal ion(s). If a structural zinc site is characterized by an inherent flexibility of the protein backbone, the activation energy required to transiently remove one of the ligands from a zinccoordinating position can be rather low, in particular in a tetrathiolate complex where electrostatic repulsion of the thiolates might significantly lower the activation energy barrier. Additionally the mere availability of competitors and their interaction with loaded sites might facilitate ternary complex formation and transfer processes. Although zinc ions with four protein ligands might be thermodynamically preferred, a considerable fraction of individual ligands might be in rapid equilibrium of bound and unbound state. This results in the transient availability of binding sites for either solvent molecules or competing acceptor molecules. Thus complexes composed of two different proteins sharing one zinc ion can be formed, which might serve as transient states during zinc transfer or as functional complexes in stabilizing protein-protein interactions. The structural dynamics of such complexes enables a complete transfer of zinc ions to an alternative acceptor molecule via ligand exchange. The transfer via zinc-bridged complexes can be many orders of magnitude faster compared with a mechanism via transfer of zinc to the solvent and new association to an alternative binding site. This mechanism does not depend on free zinc ions for rapid mediation of zinc signals. Free zinc ions at considerable concentrations might abolish possibilities for zinc-mediated regulation due to the resulting absence of unoccupied binding sites.
Since zinc-bridged mixed complexes have to be taken into account if the total concentration of available binding sites exceeds the concentration of totally available zinc the occupancies of zinc binding sites might not be correctly predicted from individual affinities of competing proteins alone. Direct experimental evidence for the possible formation of zinc-bridged complexes results from the EXAFS experiment of the C 2 H 2 peptide with 0.5 equivalents of zinc. Under these conditions a considerable fraction of total zinc is involved in the formation of a zinc-bridged peptide-peptide complex with increased sulfur contribution. If less zinc than binding sites is available it might be energetically favorable to form complexes where two structural sites, e.g. zinc finger sites, share a zinc ion. If additional favorable interactions stabilize such a complex it might well be of physiological importance. The experimental observation of such complexes, however, depends on the maintenance of the native zinc deficiency in the system under study and might have escaped the attention until now. Usually excess of zinc is applied to fully load all available binding sites in structural investigations. Furthermore, equilibrium thermodynamics alone might be unable to describe the zinc status in a cellular environment correctly. In a system where the abundances of the different zinc-binding proteins undergo a continuous variation, the transfer rates between alternative binding partners might be dominating in determining the relative occupancies of different sites in a system far from equilibrium, like a living cell.
A hypothetical mechanism of zinc ion transfer between alternative binding partners via ternary complexes is not in competition with other concepts of zinc-mediated regulation. The oxidation/reduction-triggered zinc release from MT suggested by Maret and Vallee (47) , however, might be considered as a more global regulation process, where a oxidation/reduction signal induces a concerted action. An increased availability of free zinc ions might modify relative occupancies of numerous proteins simultaneously. Zinc transfer via protein-zinc-protein complexes might be an alternative regulation mechanism. If newly produced zinc proteins compete with occupied zinc carriers, the rates of protein production, transport and zinc transfer might be together pace makers for consecutive steps in cellular regulation cycles. Because of the limited availability in a cellular environment zinc ions might serve as "structural messengers" in zinc-mediated regulation processes. The competition for available zinc might thus help to explain structural interactions of zinc binding domains of proteins and the rapid transfer of zinc ions in the virtual absence of free zinc.
